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PROCESS FOR THE PREPARATION OF A MULTIBLOCK COPPI VMFP 

The invention relates to a process for the preparation of a multiblock 
copolymer, the process being carried out in the presence of a multifunctional initiator, 
said process comprising at least one enzymatically catalyzed homo- or 
copolymerization reaction chosen from the group comprising a ring opening 
polymerization (ROP) reaction and a polycondensation reaction, and at least one non- 
enzymatically catalyzed controlled homo- or copolymerization reaction. 
The invention also relates to a chiral multiblock copolymer 

A process for the preparation of a multiblock copolymer is disclosed 
in U. Meyer et al., Macromolecules (2002) 35, 2873. This process combines a lipase- 
catalyzed ring-opening polymerization of e-caprolactone (e-CL) with atom transfer 
radical polymerization (ATRP) of styrene in two consecutive steps, in the presence of a 
Afunctional initiator, yielding diblock copolymers of e-CL and styrene. 

A drawback of the known method is that CuBr is required as a 
catalyst for the ATRP reaction. Depending on its structure, such a catalyst may inhibit 
the enzymatically catalyzed homo- or copolymerization reaction in the known method. 
This is particularly the case when the lipase-catalyzed ring-opening polymerization and 
the ATRP reaction are carried out simultaneously in one pot or when the lipase- 
catalyzed ring-opening polymerization is carried out after the ATRP reaction in the 
same reaction medium. Furthermore, for many applications, for example in the 
biomedical and microelectronics field, the presence of such a metal catalyst in the 
product is undesired. Although removal of the metal catalyst is possible, it requires 
extra purification steps. 

The aim of the present invention is therefore to provide a process for 
the preparation of a multiblock copolymer in which at least one enzymatically catalyzed 
homo- or copolymerization reaction and at least one non-enzymatically catalyzed 
controlled homo- or copolymerization reaction are applied and in which the use of a 
metal catalyst is avoided. 

This is achieved according to the invention by applying as the non- 
enzymatically catalyzed controlled homo- or copolymerization reaction a polymerization 
reaction chosen from the group comprising a free radical polymerization reaction, an 
ionic polymerization reaction, a polycondensation reaction, and a ring opening 
polymerization (ROP) reaction. 
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Surprisingly it has been found that said non-enzymatically catalyzed 
controlled polymerization reactions can be performed in the process according to the 
invention without inhibiting the enzyme used in the enzymatically catalyzed homo- or 
copolymerization reaction significantly. In fact, said non-enzymatically catalyzed 
polymerization reactions can be used before, during or after the enzymatically 
catalyzed polymerization reaction, in the same reaction medium, in the presence of a 
multifunctional initiator, resulting in the formation of a multiblock copolymer. 

In the framework of the present invention a non-enzymatically 
catalyzed controlled polymerization reaction is understood to be a polymerization 
reaction which is carried out in the presence of an initiator, i.e. a multifunctional 
initiator, and in which the initiator is incorporated into the growing polymer chain. 

In the framework of the invention a non-enzymatically catalyzed free 
radical polymerization reaction is understood to be a polymerization reaction chosen 
from the group comprising Reversible Addition Fragmentation Chain Transfer 
Polymerization (RAFT), nitroxide mediated radical polymerization, and Iniferters 
polymerization. Such polymerization reactions are described in for example K. 
Matyjaszewski (Ed.), "Controlled Radical Polymerization", ICS Symposium Series 685, 
Oxford University Press (1998). Such polymerization reactions can be performed in the 
absence of a metal containing catalyst. 

In the framework of the invention non-enzymatically catalyzed ionic 
polymerization reactions can be anionic or cationic polymerization reactions. Such 
polymerization reactions are described in for example WO-A-2000/063256 and WO-A- 

96/28487, respectively. 

Non-enzymatically catalyzed polycondensation reactions, which can 
be used in the process according to the present invention, are described in for 
example G.C. Eastmond et al., Comprehensive Polymer Science, Vol. 5, Pergamon 
Press (1989). 

Non-enzymatically catalyzed ROP reactions are decribed in for 
example E.F. Connor et al., J. Am. Chem. Soc, 124 (2002) 914. 

From the non-enzymatically catalyzed controlled homo- or 
copolymerization reactions mentioned above, preferably a free radical polymerization 
reaction, more preferably a nitroxide mediated radical polymerization reaction is used 
in the process according to the invention. Nitroxide initiators are relatively easy to 
synthesize, thermally activated and applicable to a wide variety of monomers, resulting 
in polymers with predictable molecular weight and narrow polydispersity. Suitable 
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examples of nitroxide initiators are mentioned in for example Hawker et al., Chem. Rev. 
(2001) 101, p. 3661, which is incoiporated herein by reference. 

Controlled free radical polymerization reactions, in particular nitroxide 
mediated radical polymerization reactions, generally involves the homo- or 
copolymerization of a monomer that can stabilize the propagating radicals during the 
polymerization reaction. Examples of such monomers include those mentioned in 
Hawker etal., Chem. Rev. (2001) 101, p. 3661 , for example (meth)acrylates, styrenes, 
acrylonitriles, vinyl pyridines, vinyl formamide, (meth)acrylamides, and maleimides. 
Preferably (meth)acrylates or styrenes are used as the monomer in the non- 
enzymatically catalyzed controlled polymerization reaction. 

The enzymatically catalyzed homo- or copolymerization reaction is 
chosen from the group comprising a enzymatically catalyzed ring opening 
polymerization (ROP) reaction, and an enzymatically catalyzed polycondensation 
reaction. General descriptions of these types of polymerization are given in S. 
Kobayaski et al., Chem. Rev., 101 (2001), p. 3793-3818. 

Preferably an enzymatically catalyzed ROP reaction is applied asthe 
enzymatically catalyzed homo- or copolymerization reaction. Enzymatically catalyzed 
ROP reactions involve the ring opening polymerization of one or more kinds of cyclic 
compounds. 

In the enzymatically catalyzed ROP reaction, preferably lactones 
(cyclic esters), lactames (cyclic amides), cyclic acid anhydrides, cyclic carbonates, and 
lactides are used as a monomer in the ROP reaction. Examples of lactones include B- 
propiolactone, B-butyrolactone, B-valerolactone, Y-butyrolactone, <rvalerolactone, y- 
caprylolactone, e-caprolactone, 8-stearolactone, e-caprylolactone, ande- 
palmitolactone; examples of lactams include B-propiolactam, y-butyrolactam, y- 
valerolactam, 8-valerolactam, e-caprolactam, and hectolactam; examples of cyclic acid 
anhydrides include succinic anhydride, maleic anhydride, glutamic anhydride, and 
phtalic anhydride; examples of cyclic carbonates include ethylene carbonate. propylene 
carbonate, and trimethylene carbonate; and examples of lactides include dilactide, 
diglycollide and diglyceride. 

In particular lactones are used, for example an optionally substituted 
e-CL. Possible substituents to e-CL include for example a halogen, an hydroxy group, 
an amine group, an amide group, a thiol group, an alkoxy group with for example 1 to 
20 C atoms, a (hetero)aryl group with for example 1 to 20 C atoms and an aryloxy 
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group with for example 1 to 20 C atoms. Examples of substituted e-CL's are 2-bromo-e- 
caprolactone, 4-methyl-e-caprolactone, 4-ethyl-e-caprolactone, 4-phenyl-e- 
caprolactone, and 3,5-dimethyl-e-caprolactone, as mentioned in for example M. 
Trollsas et al., Macromolecules, 32 (1999), p. 4917. When such substituted e-CL's are 
5 used, the enzyme used in the enzymatically catalyzed ROP reaction may catalyze the 
polymerization of just one enantiomer of a racemic mixture of such chiral e-CL's, 
thereby being capable of selectively polymerizing that enantiomer. 

Starting from a racemic mixture of an substituted e-CL monomer, 
application of such an enantioselective ROP reaction in the process according to the 
1 o invention may result in the formation of chiral multiblock copolymers in which at least 
one of the blocks comprises chiral e-CL un'rts. 

The enzymatically catalyzed polymerization reaction is generally 
catalyzed by a lipase. Lipases are triacylglycerol ester hydrolases classified as EC 
3.1.1 .3. Particularly suitable lipases are for example Candida antarctica Lipase B, 
1 5 optionally immobilized on for example acrylic resin (Novozyme 435), Pseudomonas 
cepacia (lipase PS-30), porcine pancreatic lipase (PPL), Candida cylindracea (lipase 
CCL), Candida Rugosa (lipase CR), 

Mucor Miehei (lipozyme), Pseudomonas aeruginosa (lipase PA), Pseudomonas 
fluorescence (lipase PF), and Aspergillus niger (lipase A). Proteases may also be used 
20 as the enzyme. 

The process according to the invention, comprising at least one 
enzymatically catalyzed homo- or copolymerization reaction and at least one non- 
enzymatically catalyzed controlled homo- or copolymerization reaction, may be 
performed in bulk as well as in the presence of one or more solvents. 
25 For example, when a nitroxide mediated radical polymerization 

reaction is applied in combination with an enzymatically catalyzed ROP reaction, this 
reaction may suitably be performed in bulk as well as in the presence of one or more 
organic solvents. Additional cosolvents or surfactants, such as glycols or ammonium 
salts of fatty acids, may be present. If organic solvents are used, suitable solvents or 
30 mixtures are typically aliphatic hydrocarbons, for example hexane, heptane, octane, or 
isooctane; aromatic hydrocarbons, for example benzene, toluene, or xylene; 
halogenated hydrocarbons, for example chlorobenzene, 1 ,1 ,2-trichlorotrifluoroethane, 
chloroform or o-dichlorobenzene; and ethers, for example diethyl ether, dipropyl ether, 
dibutyl ether, diisopropyl ether, or tetrahydrofuran; or mixtures thereof. 



In the process according to the invention, at least one enzymatically 
catalyzed polymerization reaction and at least one non-enzymatically catalyzed 
controlled polymerization reaction are preferably both carried out in bulk. As such, the 
need for removal of solvent after the reaction is avoided. 

Said combination of an enzymatically catalyzed polymerization 
reaction and a non-enzymatically catalyzed polymerization reaction may be carried out 
in any order, in a one-pot or a multi-pot reaction set-up, simultaneously or one after the 
other. Preferably said polymerization reactions are performed in one pot. Carrying out 
the polymerization reactions in one pot avoids intermediate work-up steps and limits 
the amount of equipment needed. More preferably said polymerization reactions are 
carried out simultaneously to minimize the reaction time and maximize the output. 

The process according to the invention is generally performed at a 
reaction temperature between 50 and 200 fi C, preferably between 70 and 140 e C, more 
preferably between 90 and 110 *C. The pressure at which the process according to the 
invention is carried out is not particularly critical and depends on for example the ' 
monomers and solvent used and the reaction temperature. The reaction time is 
generally between 0.5 h and 7 days, preferably between 4 and 72 h. The reaction 
conditions may vary between the different polymerization reactions, i.e. the 
enzymatically catalyzed polymerization reaction and a non-enzymatically catalyzed 
polymerization reaction, and also within one polymerization reaction. 

The process according to the invention comprising an enzymatically 
catalyzed polymerization reaction and a non-enzymatically catalyzed polymerization 
reaction may be carried out in the presence of a multifunctional initiator comprising at 
least one functional group that initiates an enzymatically catalyzed ROP reaction or an 
enzymatically catalyzed polycondensation reaction and at least one functional group 
that initiates a non-enzymatically catalyzed free radical polymerization reaction, a non- 
enzymatically catalyzed anionic polymerization reaction, or a non-enzymatically 
catalyzed ROP reaction. 

Preferably the functional group that initiates an enzymatically 
catalyzed homo- or copolymerization reaction chosen from the group comprising a ring 
opening polymerization (ROP) reaction, and a polycondensation reaction is an hydroxy, 
amino or carboxylic acid group. More preferably a hydroxy group is applied because of 
its easy integration into the polymer chain. 

The functional group that initiates a non-enzymatically catalyzed free 
radical polymerization reaction, a non-enzymatically catalyzed anionic polymerization 
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reaction, or a non-enzymatically catalyzed ROP reaction is generally group that easily 
converts to or represents an active initiating species such as a radical, an ion or any 
other reactive group, which can form a covalent bond with the polymer chain. Suitable 
functional groups include for example halogen, nitroxide, thiol, and alcohol groups. 

The invention also relates to a chiral block copolymer. The term 
"block copolymer" is generally known in the art and is understood to be a copolymer 
comprising at least two types of monomers which are arranged in a block structure. In 
the chiral block copolymer according to the invention at least one block comprises at 
least one substituted e-CL derivative. Preferably the substituted e-CL derivative is 
chosen from the group comprising 2-bromo-e-caprolactone, 4-methyl-e-caprolactone, 4- 
ethyl-e-caprolactone, 4-phenyl-e-caprolactone, and 3,5-dimethyl-e-caprolactone. The 
chiral block copolymer comprises at least one other block, which may also be chiral, 
comprising a monomer selected from the group comprising (meth)acrylates, styrenes, 
acrylonitriles, vinyl pyridines, vinyl formamide, (meth)acrylamides, and maleimides. 
Preferably the chiral block copolymer according to the invention comprises at least one 
other block comprising a (meth)acrylate or a styrene. Suitable examples of such block 
copolymers are block copolymers comprising at least 2-bromo-e-caprolactone and a 
(meth)acrylate, 2-bromo-e-caprolactone and styrene, 4-methyl-e-caprolactone and a 
(meth)acrylate, 4-methyl-e-caprolactone and styrene, 4-ethyl-e-caprolactone and a 
(meth)acrylate, 4-ethyl-e-caprolactone and styrene, 4-phenyl-e-caprolactone and a 
(meth)acrylate, 4-phenyl-e-caprolactone and styrene, 3,5-dimethyl-e-caprolactone and 
a (meth)acrylate, and 3,5-dimethyl-e-caprolactone and styrene. 

The chiral block copolymer according to the invention preferably has 
a weight average molecular weight (Mw), measured by Gas Permeation 
Chromatography (GPC), in the range 500-1000,000 g/mol, more preferably in the 
range 1000-100,000 g/mol, most preferably in the range 3000-50,000 g/mol, and a 
molecular weight distribution, measured as the ratio between the weight average 
molecular weight and the number average molecular weight (M JM n ) in the range 1 .0- 
2.5, preferably in the range 1.1-1.8. 

The invention is elucidated with reference to the following Examples 

without being limited thereto. 



Examples 

Starting materials 
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Novozym 435 was obtained from NOVO NORDISK. Styrene and e- 
CL were distilled before the first reaction. All other chemicals are commercially 
available and were used without further purification, unless stated otherwise. 

5 Analysis 

NMR experiments were carried out on a Bruker 300 DPX (300 MHz 
for 1 H-NMR) and on a Bruker Avance 300 (300 MHz for 'H-NMR). Abbreviations used 
are s . singlet, d = doublet, dd = doublet of doublets, t = triplet, dt . doublet of triplets, 
q = quartet, dq = doublet of quartets, se = sextet, o = octet, m = multiplet and br = 
10 broad. 

Isolation of polymers 

Precipitation of polymers was carried by dropping a concentrated 
CHCI 3 solution of the polymer in ice-cold methanol and subsequent filtration of the 
1 5 suspension, after which the polymer was dried in vacuo. The amount of enzyme used 
was usually approximately one tenth the weight of e-CL monomers plus initiator. 

Example I. 

Synthesis of the bifunrt ional initiator r4-MfterNhutvl(2-mnthvl-i- 

20 Phenvlpropvl>amino1oyv> ethv»phenvl]methanol (E) 

Steps 1-3 were carried out according to literature methods, see for 
example J. Dao et al., J. Pol. Sci. A, Polym. Chem., 3Q (1998) 2161-2167. 

Step 1. N-tert-butyl-ce-isopropylnitrone (1) 
In 97 ml of water were dissolved 5.0 g (48.5 mmol) of 2-methyl-2-nitropropane, 4.4 ml 

25 (48.5 mmol) of isobutyraldehyde and 2.9 g (53.3 mmol) of ammonium chloride. The 
resulting solution was cooled to 0°C. To this solution was added 49 ml of diethyl ether 
(EtaO) and 12.7 g (1 94 mmol) of zinc powder in portions, after which the mixture was 
stilted for 20 hours. After this the solid was filtered off and washed with cold methanol. 
The filtrate was extracted three times with 20 ml of CH 2 CI 2 , after which the oiganic 

30 layers were combined and washed with 20 ml of brine and dried with NaaSO* 

Evaporation of the solvent yielded a pure light green low melting product. Yield: 5.2 g 
(74%). TLC = 10:1 ethyl acetate/methanol (EtOAc/MeOH). 1 H-NMR (300.13 MHz, 
CDCI 3 , 298 K): 8 = 6.52 (d, 1 H, 3 J(H,H) = 6.9 Hz, vinylic H), 3.1 0 (o, 1 H, 3 J(H,H) = 6.9 
Hz, allylic H), 1 .38 (d, 9H, f-butyl H's), 0.95 (d, 6H, V(H,H) = 6.7 Hz, Apropyl H's). 
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Step 2. 2,2,5,-trimethyl-4-phenyl-3-azahexane-3-nitroxide(2) 
To 50 ml tetrahydrofuran (THF) was added 3.38 g (23.7 mmol) of (1), after which the 
resulting solution was brought under an argon atmosphere and cooled to 0°C. Through 
a syringe 62 ml (62 mmol) of 1M phenylmagnesium bromide in ether was added over 5 
minutes. After stirring for 1 7 hours, 1 0 ml of an ammonium chloride saturated aqueous 
solution was added and 50 ml water. The mixture was extracted three times with 25 ml 
EfeO and after this the combined organic layers were dried with MgS0 4 . After 
evaporation of most of the solvent the solution was added to a mixture of 100 ml of 
MeOH, 8 ml of aqueous ammonium hydroxide solution and 0.24 g (1.18 mmol) of 
copper acetate, Cu(OAc) 2 . Air was bubbled through this mixture, while it was stirred, 
until the colour went green. After this the solution was concentrated and dissolved in a 
two-phase system of 100 ml of CHCI 3 and 100 ml of water. After separation of the 
layers the water layer was extracted three times with 20 ml of CHCI 3 and the combined 
organic layers were washed with 40 ml of an aqueous solution of saturated sodium 
bicarbonate, dried with MgS0 4 and concentrated. Isolation of the product was by 
column chromatography eluting with hexane/EtOAc 20:1 , after first eluting with hexane 
for a better separation. The desired product was obtained as a light orange oil. Yield: 

3.74 g (72%). TLC = 16:1 hexane/EtOAc. 

Step 3. i-(l^[tert-butyl(2-methyl-1-phenylpropyl)amino]oxy}ethyl)-4- 

(chloromethyl)benzene (3) 

To a mixture of 1 25 ml of toluene and 1 25 ml of ethanol, which had 
been bubbled with air for an hour, was added 2.39 g (10.8 mmol) of (2), 2.62 g (17.2 
mmol) of 4-vinylbenzylchloride, 2.0 g (2.86 mmol) of (N,N'-bis{3,5-di-fert- 
butylsalicylidene}-1,2-cyclohexanediaminato)manganese(lll)chloride({R,R}-Jacobsen 

catalyst) and 1 .31 g (34.2 mmol) of NaBH 4 in the mentioned order. Air was bubbled 
through the solution for 13 hours while stirring was continued. The mixture was then 
filtered over a layer of silica over sand to remove solids. The silica was subsequently 
washed with CH 2 CI 2 . The organic solution was concentrated and the desired product 
was obtained by column chromatography eluting with 1 :18 CH 2 CI 2 /hexane gradually 
increasing the amount of CH 2 CI 2 . The product was obtained as a colourless oil. Yield: 
2.43 g (60%). TLC = 18:1 hexane/CH 2 CI 2 . 1 H-NMR (300.13 MHz, CDCI 3 , 298 K, both 
diastereomers): 8 = 7.5-7.1 (m, 18H, aromatic H's), 4.87 (dq, 1H, 3 J(H,H) = 6.7 Hz, CH- 
O), 4.55 (s, 2H, CHjrCI), 4.52 (s, 2H, CH 2 -CI), 3.39 (d, 1H, 3 J(H,H) = 10.5 Hz, CH-N), 
3.28 (d, 1H, 3 J(H,H) = 10.7 Hz, CH-N), 2.31 (2m, 2H, /-propyl H), 1 .59 (d, 3H, 3 J(H,H) 
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= 6.5 Hz, CH3-C-O), 1.51 (d, 3H, 3 J(H,H) = 6.5 Hz), 1.27 (d, 3H, 3 J(H,H) = 6.3 Hz, A 
propyl CH 3 ), 1.01 (s, 9H, f-butyl CH 3 's), 0.89 (d, 3H, 3 J(H,H) = 6.3 Hz, Apropyl CH 3 ), 
0.75 (s, 9H, Abutyl CH 3 's), 0.51 (d, 3H, 3 J(H,H) = 6.5 Hz, Apropyl CH 3 ), 0.20 (d, 3H ' 
3 J(H,H) = 6.8 Hz, Apropyl CH 3 ). 

5 Step 4. HH(ten-butyl(2-methyl-1- P henyl P ro P yl)amino]oxy}ethyl) 

benzyl acetate (4) 

A solution of 2.56 g (6.85 mmol) of (3), 2.07 g (21 .12 mmol) of 
potassium acetate (KAc), 10 mg (0.06 mmol) of Kl and 60 mg of 18-crown-6 ether in 25 
ml of DMSO was stirred at 60°C for 40 hours. After this the solution was poured in to 
1 0 200 ml of water and the obtained solution was extracted three times with 50 ml of 

CH 2 CI 2 , after which the combined organic layers were washed with 50 ml of water and 
50 ml of brine and dried with MgS0 4 . The product was obtained as a yellowish liquid 
after concentration of the solution and column chromatography, eluting with 
hexane/CH 2 CI 2 1:1. Yield: 1.57g (58%). TLC = 1:6 hexane/CH 2 CI 2 . 1 H-NMR (300.13 
MHz, CDCI 3 , 298 K, both diastereomers): 8 = 7.5-7.1 (m, 18H, aromatic H's), 5.10 (s, 
2H, CH 2 -0), 5.06 (s, 2H, CH 2 -0), 4.88 (dq, 2H, 3 J(H,H = 6.5 Hz, CH-O), 3.40 (d, 1H,' 
3 J(H,H) = 10.7 Hz, CH-N), 3.29 (d, 1H, 3 J(H,H) = 10.7 Hz, CH-N), 2.33 (2m, 2H, A 
propyl H), 2.08 (s, 3H, CH 3 -COO), 2.08 (s, 3H, CH 3 -COO), 1 .59 (d, 3H, 3 J(H,H)'= 6.7 
Hz, Apropyl CH 3 ), 1.52 (d, 3H, 3 J(H,H) = 6.5 Hz, Apropyl CH 3 ), 1.27 (d, 3H, 3 J(H,H) = 
6.3 Hz, Apropyl CH 3 ), 1.02 (s, 9H, f-butyl H's), 0.91 (d, 3H, 3 J(H,H) = 6.3 Hz, Apropyl 
CH 3 ), 0.76 (s, 9H, f-butyl H's), 0.52 (d, 3H, 3 J(H,H) = 6.5 Hz, Apropyl CH 3 ), 0.21 (d 3H 
3 J(H,H) = 6.7 Hz, Apropyl CH 3 ). 

Step 5. [H^[tert-butyl(2-methyl-1-phenylpropyl)amino]oxy}ethyl)- 
phenyl]methanol (5) 

In 20 ml of THF was dissolved 3.8 g (9.56 mmol) of (4), and to this 
solution was added 50 ml of a 2 M aqueous KOH solution (5.61 g of KOH), after which 
2 drops 1 5-crown-5 ether were added and the 2-phase system was stirred at 85°C for 
1 8 hours (THF refluxes). When the reaction was complete 20 ml of Et 2 0 was added 
and the layers were separated, after which the water layer was extracted three times 
with 1 0 ml of EfcO and the combined organic layers were extracted with 1 0 ml of water. 
After drying of the organic layer with N^SOa the desired product was obtained as 
colourless oil after concentration of the solution and column chromatography, eluting 
with hexane/CH 2 CI 2 1 :2. TLC - 1 :6 hexane/CH 2 CI 2 . 

1 H-NMR (300.13 MHz, CDCI 3 , 298 K, both diastereomers): 5 = 7.5- 
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7.1 (m, 18H, aromatic H's), 4.89 (dq, 2H, 3 J(H,H) = 6.5 Hz, CH-O), 4.65 (d, 2H, 3 J(H,H) 
= 2.5 Hz, CH 2 -0), 4.61 (d, 2H, 3 J(H,H) = 3.2 Hz, CH^O), 3.37 (d, 1H, 3 J(H,H) = 10.7 
Hz, CH-N), 3.27 (d, 1H, 3 J(H,H) = 10.9 Hz, CH-N), 2.29 (2m, 2H, Apropyl H), 1.69 (s, 
br, 1H, OH), 1.68 (s, br, 1H, OH), 1.57 (d, 3H, 3 J(H,H) = 6.5 Hz, CHrC-O), 1.49 (d, 3H, 
3j j H H ) . 6i5 Hz)| -j .26 (d, 3H, 3 J(H,H) = 6.5 Hz, /-propyl CH 3 ), 1 .00 (s, 9H, f-butyl 
CHa's), 0.90 (d, 3H, 3 J(H,H) = 6.3 Hz, Apropyl CH 3 ), 0.73 (s, 9H, f-butyl H's), 0.49 (d, 
3H, 3 J(H,H) = 6.5 Hz, /-propyl CH 3 ), 0.19 (d, 3H, 3 J(H,H) = 6.5 Hz, Apropyl CH 3 ). 



10 



15 



20 



Example II. Comparison of initiators for ROP of e-CL 

It was tested whether ROP of e-CL to polycaprolactam (PCL), 
catalysed by Novozym 435, could take place at the multifunctional initiator (5) at an 
efficient speed, by comparing the polymerisation rate of e-CL by Novozym 435 at (5) 
with those atbenzylalcohol and [4-(fe/f-butyl)phenyl]methanoi. ROP reactions were 
carried out using 2.0 M of e-CL and 0.2 M of (5) in deuterated toluene inside an NMR 
tube at 60°C. Conversion, initiator efficiency and degree of polymerisation were 
followed using 1 H-NMR. From the obtained conversion plots the rate values (k's) of the 
reactions were obtained by plotting -ln([e-CLy[e-CL] 0 ) vs. time and measuring the slope 
of the approximately straight line at the beginning of the reaction. The reaction rates 
(k), initiator efficiencies (IE) and degrees of polymerisation (DP) are listed in Table 1 . 

Table 1 . Comparison of ROP of e-CL by Novozym 435 at 3 different initiators at 60°C. 



Initiator 


kflO^s 4 ) 


IE (%) 


DP 


(5) 


23.2 


81 


13 


Benzylalcohol 


23.5 


89 


11 


[4-(fert-butyl)phenyl]methanol 


13.9 


73 


6.5 



Fvamnle III. Twn-not synthes is of a PCL-PS co-polymer. 

To 121 .3 mg of Novozym 435 a mixture of 70.7 mg (0.199 mmol) of 
(5) and 1 .1 08 ml (1 0.0 mmol) of e-CL was added. This mixture was stirred at 60 °C for 
3.5 hours during which the mixture became very viscous. The reaction was stopped by 
adding CHCI 3 , followed by filtration to remove the enzyme. Caprolactone polymer 
(PCL) was obtained by precipitation. 

In 2.00 ml (1 7.46 mmol) of styrene was then dissolved 328 mg of 
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PCL. The resulting solution was made oxygen-free using the freeze-pump-thaw 
method and subsequently stirred for 1 8 hours at 95°C, during which the mixture 
solidified. The obtained gel was dissolved in chloroform, filtered and precipitated to give 
PS-PCL copolymers. PCL / PS = 0.13 / 1 . GPC: = 130 kg/mol; MJM n = 2.3. DSC: 
TWO. = 57.4°C; AH = 0.789 Jg 1 ; Tg^e = 96.2°C; ACp = 0.225 Jg- 1 (°C 1 ). 

Example IV. One-pot t wo-step synthesis of a PCL-PS copolymftr 

To a mixture of 1 .158 ml (10.4 mmol) of s-CL and 1 .61 1 ml (1 4.1 
mmol) of styrene was added 50.4 mg (0.142 mmol) of (5) and 173.4 mg of Novozym 
435. This mixture was made oxygen-free using the freeze-pump-thaw method and 
stirred for 285 minutes at 60 °C, after which the temperature was raised to 95 °C for 
43.5 hours. After this the mixture had become a thick gel. Copolymers were obtained 
by dissolving the gel in chloroform, filtration of the enzyme and precipitation. PCL / PS 
= 1 .08 / 1 . GPC: Mw = 20 kg/mol; MJM„ = 1 .4. 
DSC: T mett : PCL = 58.1 °C; AH = 4.991 Jg-1 . 

Example V. One-pot t wo-step synthesis of a PCL-PS connlymar 

To a mixture of 2.316 ml (20.9 mmol) of e-CL and 1 .611 mi (14.1 
mmol) of styrene was added 33.5 mg (0.0942 mmol) of (5) and 243.2 mg of Novozym 
435. This mixture was made oxygen-free using the freeze-pump-thaw method and 
stirred for 3 hours at 60 °C, after which the temperature was raised to 95 °C and stirring 
was continued for another 1 8 hours. After this the mixture had become a thick gel. Co- 
polymers were obtained by dissolving the gel in chloroform and filtration of the enzyme. 
PCL / PS = 2.45 / 1 . GPC: M w = 30 kg/mol; MJM n = 1.6. 

Example VI. One-pot o ne-step synthesis of a PCL-PS co-polvmer 

To a mixture of 1.158 ml (10.4 mmol) of e-CL and 1.611 ml (14.1 
mmol) of styrene was added 49.8 mg (0.140 mmol) of nitroxide initiator and 165.4 mg 
of Novozym 435. This mixture was made oxygen-free using the freeze-pump-thaw 
method and stirred for 18 hours at 95 °C. After this the mixture had become a thick gel. 
Co-polymers were obtained by dissolving the gel in chloroform, filtration of the enzyme 
and precipitation. PCL / PS - 1 .02 / 1 . GPC: M„ = 1 9 kg/mol; MJM n = 1 .5. DSC: 
T me iw>cL = 58.1 °C; AH - 30.392 Jg" 1 ; Tg^e = 96.9 °C; ACp = 0.039 Jg 1 (°C 1 ). 




CLAIMS 

Process for the preparation of a multiblock copolymer, the process being 
carried out in the presence of a multifunctional initiator and comprising at least 
one enzymatically catalyzed homo- or copolymerization reaction and at least 
one non-enzymatically catalyzed controlled homo- or copolymerization 
reaction, characterized in that the non-enzymatically catalyzed controlled 
homo- or copolymerization reaction is chosen from the group comprising a 
free radical polymerization reaction, an ionic polymerization reaction, a 
polycondensation reaction, and a ring opening polymerization (ROP) reaction. 
Process according to claim 1, wherein the non-enzymatically catalyzed 
controlled polymerization reaction is a nitroxide mediated radical 
polymerization reaction. 

Process according to claim 1 or claim 2, wherein the non-enzymatically 
catalyzed controlled polymerization reaction involves the polymerization of a 
monomer selected from the group comprising (meth)acrylates, styrenes, 
acrylonitriles, vinyl pyridines, vinyl formamide, (meth)acrylamides, and 
maleimides. 

Process according to any one of claims 1-3, wherein the enzymatically 
catalyzed polymerization reaction is a ROP reaction. 
Process according to claim 4, wherein optionally substituted e-caprolactone is 
used as a monomer. 

Process according to claim 5, wherein the optionally substituted e- 
caprolactone is a substituted e-caprolactone. 

Process according to any one of claims 1-6, wherein the enzymatically 
catalyzed polymerization reaction is catalysed by a lipase of class EC 3.1.1.3. 
Process according to claim 7, wherein the lipase is chosen from the group 
comprising Candida antarctica Lipase B, Pseudomonas cepacia (lipase PS- 
30), porcine pancreatic lipase (PPL), Candida cylindracea (lipase CCL), 
Candida Rugosa (lipase CR), Mucor Miehei (lipozyme), Pseudomonas 
aeruginosa (lipase PA), Pseudomonas fluorescence (lipase PF), and 
Aspergillus niger (lipase A). 

Process according to any one of claims 1-8, wherein at least one 
enzymatically catalyzed polymerization reaction and at least one non- 




enzymatically catalyzed controlled polymerization reaction are carried out in 
bulk. 

Process according to any one of claims 1-9, wherein at least one 
enzymatically catalyzed polymerization reaction and at least one non- 
enzymatically catalyzed controlled polymerization reaction are carried out in 
one pot. 

Process according to claim 10, wherein at least one enzymatically catalyzed 
polymerization reaction and at least one non-enzymatically catalyzed 
controlled polymerization reaction are carried out simultaneously. 
Chiral block copolymer wherein at least one block comprises at least one 
substituted e-caprolactone derivative. 

Chiral block copolymer according to claim 12 having an MJM n in the range 
1.1-2.5. 
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ABSTRACT 

The invention relates to a process for the preparation of a muftiblock 
copolymer, the process being carried out in the presence of a multifunctional initiator 
and comprising at least one enzymatically catalyzed homo- or copolymerization 
reaction and at least one non-enzymatically catalyzed controlled homo- or 
copolymerization reaction, wherein the non-enzymatically catalyzed controlled homo- 
or copolymerization reaction is chosen from the group comprising a free radical 
polymerization reaction, an ionic polymerization reaction, a polycondensation reaction, 
and a ring opening polymerization (ROP) reaction. The invention also relates to a chiral 
block copolymer wherein at least one block comprises at least one substituted e- 
caprolactone derivative. 



